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DISTRIBUTION OF TRACE ELEMENTS IN A WARM WATER RELEASE IMPOUNDMENT
ABSTRACT
A d e ta i le d  water q u a l i t y  survey ( in c lu d in g  trace  meta ls) was conducted 
on DeGray Reservo ir in  south west Arkansas from 1969 through 1975. The re s u lts  
o f  th is  in v e s t ig a t io n  are used to describe  phys ica l and chemical processes 
which a f f e c t  the con cen tra t io n  o f  many o f  the c o n s t i tu e n ts  found in  the re s e rv o ir  
and r i v e r  system.
D e ta i le d  d isso lved  oxygen p r o f i le s  as w e ll  as t u r b id i t y  (% tra nsm itta nce ) 
p r o f i le s  were useful in  d e l in e a t in g  the movement o f  water through the re s e rv o ir .  
Underflows, in n e r f lo w s ,  and overflows were observed during d i f f e r e n t  seasons.
The development o f  a m e ta l im ne tic  d isso lved  oxygen minima appears to be re la te d  
to  advective  t ra n s p o r t  w i th in  the m eta limnion. M e ta lim ne tic  d isso lved  oxygen 
d e p le t io n  was most severe during years when sp r ing  ra in s  occurred a f t e r  the 
onset o f  s t r a t i f i c a t i o n .
D issolved oxygen data c le a r ly  show the "ag ing" o f  a new re s e rv o ir .  H yp o li-  
mnetic d isso lved  oxygen d e p le t io n  was severe during the e a r ly  years o f  impoundment 
bu t moderated a f t e r  4 yea rs .
As expected, i ro n  and manganese were found to c o r re la te  w e ll  w i th  d isso lved  
oxygen d e p le t io n .  Other tra ce  metals which were s tud ied  d id  not c o r re la te  w e ll  
w ith  e i t h e r  i ro n  o r  manganese. S ig n i f i c a n t  c o r re la t io n  was observed f o r  c o b a lt  
and n ic k e l ,  probably in d ic a t in g  t h e i r  geochemical s i m i l a r i t y .
The in te rv e n t io n  o f  storm events was found to be the most s ig n i f i c a n t  f a c to r  
in  de term in ing the con cen tra t io n  o f  calc ium and o th e r  conse rva tive  c o n s t i tu e n ts .
Abstract (co n t 'd )
The calcium concentra tion c le a r ly  drops as storm water enters the re s e rv o ir .  
Other con s titue n ts  are observed to increase in  storm water. Among these 
are phosphorus and suspended so lids  (as ind ica ted  by t u r b id i t y ) .
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INTRODUCTION
D e s c r ip t io n  and H is t o r y :
DeGray R e s e rv o ir  was formed by impoundment o f  the  Caddo R iv e r  in  sou th  
c e n t r a l  Arkansas ( F ig .  1 ) .  The gates on the  dam were c lo s e d  in  A u gus t ,  1969,
and th e  pool f i r s t  reached power pool e le v a t io n  in  1971. A t  power pool e le v a t io n ,
2
the r e s e r v o i r  has an area o f  54 .2  km and a maximum depth o f  near 60 m. The 
r e la t i o n s h ip s  between s u r fa c e  area and dep th  and s to ra g e  volume and depth  are  
shown in  F ig .  2. The p r o je c t  was j u s t i f i e d  on the  b a s is  o f  f l o o d  c o n t r o l ,  
power g e n e r a t io n ,  w a te r  s u p p ly ,  n a v ig a t io n ,  and r e c r e a t io n .  D ischarges from  
th e  r e s e r v o i r  are  made th ro u g h  a m u l t i p l e  le v e l  o u t l e t  f a c i l i t y  lo c a te d  
im m e d ia te ly  upstream  from  the  dam. The v a r ia b le  le v e l  o u t l e t  was s e t  f o r  
e s s e n t i a l l y  s u r fa c e  w i th d ra w a l  u n t i l  March 1979 when i t  was dropped to  a l lo w  
re le a s e  from  the  m e ta l im n io n .  A r e g u la t in g  dam impounds a sm a ll r e s e r v o i r  
im m e d ia te ly  downstream from  the  main dam. The purpose o f  the  r e g u la t in g  dam 
is  (1 )  to  m in im iz e  th e  e f f e c t  o f  power wakes and (2 )  to  p ro v id e  a pool f o r  
"pump b a c k . "  The pump back c a p a b i l i t i e s  o f  DeGray have o n ly  been used d u r in g  
a t e s t i n g  phase. The c h a r a c t e r i s t i c s  o f  the  dam and r e s e r v o i r  are  summarized 
in  Tab le  1.
Watershed D e s c r ip t io n :
2The 1,184 km w a te rshed  o f  the  Caddo R iv e r  above DeGray dam d ra in s  a s e c t io n  
o f  the  O uach ita  M ounta ins composed m o s t ly  o f  sandstone and s h a le .  A l i m i t e d  
amount o f  l im e s to n e  and l im e s to n e  b e a r in g  s h a le  is  p re s e n t  in  the  ex trem e upstream 
s e c t io n  o f  the  w a te rshe d . S o i ls  are  t h i n  and s lopes are  g e n e r a l ly  s te e p .  A l l u v i a l  
d e p o s i ts  a re  p re s e n t  i n  the  v a l le y s  o f  the  r i v e r  and most o f  i t s  m a jo r  t r i b u t a r i e s .
1
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F ig u re  1. Map showing th e  lo c a t i o n  o f  DeGray R e s e rv o ir  in  th e  O uach ita  R iv e r




F ig u re  2. R e la t io n s h ip  o f  volume and e le v a t io n  a long  w i th  s u r fa c e  area and




P e r t i n e n t  I n f o r m a t i o n  on DeGray Dam and R e s e rv o i r
L o c a t i o n  o f  Dam ( r i v e r  k i l o m e t e r )
Drainage Area C o n t r o l l e d
Minimum Pool
e l e v a t i o n  
s u r fa c e  area
Maximum Power and Water Supp ly  (normal po o l )
e l e v a t i o n  
s u r fa c e  area
F lood C o n t ro l  Pool 
e l e v a t i o n  
s u r fa c e  area
E le v a t i o n  o f  R i v e r  Bed a t  Dam 
Normal Annual R a i n f a l l  i n  Basin
12.8
1 ,184 km2
112 m ( msl ) 
25 .9  km2
124 m ( m s l ) 
54.2  km2
129 m ( m s l ) 
68 .8  km2
64 m ( m s l )
132 cm
Glenwood w ith a population o f near 1 ,700 is the la rgest town in  the 
watershed. Several smaller communities are located in  the upper watershed 
but the m ajority o f the population is  dispersed. Industry in  the watershed 
is  p r in c ip a lly  forested re la ted , consisting o f sawmills and wood treatment 
fa c i l i t ie s ,  and lim ite d  mining. The mining consists o f extraction o f ba rite  
and shale, both in open p i t  type operations.
Caddo River p r io r  to DeGray Dam:
A preimpoundment water q u a lity  survey of the Caddo River showed th a t, in  
general, to ta l dissolved solids were low and p rin c ip le  ions were calcium and 
bicarbonate (1).  The concentration o f both calcium and bicarbonate were observed 
to be higher in  the headwaters o f the Caddo River and gradually decreased in  a 
downstream d ire c tio n . These higher calcium and bicarbonate concentrations were 
observed in the region where the r iv e r  cuts through limestone and limestone 
bearing shale. Beyond th is  lim ite d  region, tr ib u ta r ie s  were low in  these 
constituents and re su lt in a d ilu tio n  o f calcium and bicarbonate a fte r  mixing 
w ith the r iv e r.
The r iv e r  was observed to be clear except fo llow ing periods o f moderate
to heavy ra in . In response to moderate ra in , the r iv e r  rises qu ick ly , often
reaching flows in  excess of 300 m3 /sec. at a po in t immediately upstream from 
DeGray Reservoir. As the r iv e r  responds to these storm events, conservative 
parameters such as calcium, magnesium, and bicarbonate decrease in concentration 
while substances such as to ta l phosphorus, Kjeldahl n itrogen, and tu rb id ity  
increase.
Background:
The e ffe c t o f impoundment on water q u a lity  has been studied by numerous
5
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investigators (2). Factors which a ffe c t water q u a lity  in a impoundment may 
be the geochemical nature o f the basin, n u tr ie n t loading ch a ra c te ris tics , 
c lim ate, age o f the reservo ir, degree o f s t ra t i f ic a t io n ,  reservo ir morphology, 
flow regimes, penstock elevation and in  some cases po ll u tion. In the southern 
and southeastern United States, many re la t iv e ly  deep reservoirs have been 
constructed by such agencies as the Corps o f Engineers and the Tennessee Valley 
A u thority . Numerous studies have shown tha t almost every reservo ir has a set 
o f cha racte ris tics  which make i t  d iffe re n t from the others. I f  c lim ate, flow 
ch a ra c te ris tic s , and morphology permit development o f thermal s t ra t i f ic a t io n ,  
ve rtica l gradients o f dissolved components usually develop. V ertica l gradients 
are commonly observed fo r  dissolved oxygen, ch lo rophy ll, iro n , manganese, 
phosphorus and ammonia nitrogen during the s t ra t i f ie d  period. With the 
development o f ve rtica l gradients, the level o f the penstock can become 
c r i t ic a l ,  not only w ith the type o f water tha t is  released in to  the ta ilw a te r 
but on the budget o f some o f these constituents w ith in  the reservo ir.
Another common feature between most reservoirs is  tha t a gradient o f some 
dissolved and suspended components may develop along the axis o f the reservo ir. 
The upstream section o f la rger reservo ir receive the d ire c t impact o f storm 
events while the central section o f the reservo ir usually receives d ire c t impact 
from only very large storm events. Storm water introduced d ire c tly  in to  the 
downstream section o f the reservo ir is  usually lim ite d  to the contribu tion from 
smaller tr ib u ta r ie s  which enter th is  section o f the reservo ir. The replacement 
o f water in  the upstream section o f the reservo ir fo llow ing storm events causes 
th is  section o f the reservo ir to have a very dynamic character while the down­
stream section may have a more stable water chemistry. Needless to say, the
extent to which gradients along the axis o f the reservo ir develops is  highly 
variable.
The dissolved oxygen regime o f a s t ra t i f ie d  reservo ir may be a product 
o f many factors inc lud ing, but not lim ite d  to , p ro d u c tiv ity , density currents, 
depth o f thermocline, c lim ate, and wind a c t iv ity .  A gradual decline in 
dissolved oxygen concentration in the hypolimnion o f a reservo ir is expected 
during the period o f s t ra t if ic a t io n .  The extent o f oxygen depletion 
appears to be related to factors such as the oxygen consuptive nature o f 
bottom muds, organic carbon content o f water, bacteria l populations, and 
p roductiv ity  o f overlying ep ilim netic  water. Typical clinograde dissolved 
oxygen d is tr ib u tio n s  (decreasing D.O. toward bottom) suggest consumption 
in the v ic in ity  o f the mud water in te rface  with some contributions from 
d ire c t consumption in the water column.
The appearance o f negative heterograde dissolved oxygen d is tr ib u tio n s  
(3) in reservoirs in  the southeastern United States is  not uncommon.
Numerous theories have been used to explain accelerated dissolved oxygen 
consumption in the metalimnetic region but fa llo u t  o f planktonic material 
from overlying productive water is usually used to explain th is  phenomena.
The ro le  o f in te rflo w  has not been well studied but i t  appears tha t the 
advective transport o f organic matter, p a rtic u la r ly  fo llow ing storm events, 
may play an important ro le in  the development o f a metalimnetic dissolved 
oxygen minima.
Variations in  the concentration o f dissolved species in  reservoirs 
may be caused by such factors as the in troduction o f storm water, in tro ­
duction o f r iv e r  water during low flow conditions development o f low redox 
potentia l in the anoxic hypolimnion, b io log ica l a c t iv i ty ,  and absorption
7
in teractions on both inorganic and organic pa rticu la te  matter. P recip ita tion 
o f some compounds c learly  a ffe c t the concentrations of some substances 
during certa in periods o f the year.
In general, a simple reservoir system can be described as having both 
ve rtica l and axial gradients o f dissolved and suspended constituents.
The processes which a ffe c t the d is tr ib u tio n  o f these constituents are 
generally the same fo r most southeastern reservoirs but the re la tive  
importance o f each o f the processes vary from reservoir to reservoir. The 
purpose o f the DeGray Lake study was to id e n tify  the processes which may 
have an a ffe c t on the concentration of dissolved and suspended components 
in a new reservo ir. The study involved the co llec tion  o f water qua lity  
data on DeGray Reservoir over a 5 year period. The pro ject was in it ia te d  
coincidental with the beginning o f impoundment in 1969. The analytica l 
methods used were consistent throughout the pro ject. Although i t  was 
tempting to a lte r  or improve analytica l techniques as the pro ject developed, 
consistency o f data seemed more important than improvement o f techniques.
The data collected during the f i r s t  three years o f th is  pro ject were 
summarized in a report w ritten  in 1974. This report summarizes the data 
collected over the en tire  pro ject. A discussion of the processes a ffecting 
the concentration o f dissolved and suspended components in the DeGray 
Reservoir system is  presented.
METHODS AND MATERIALS 
Sampling and Station Location:
The location o f sampling s ta t io ns is shown in Figure 3. Each sta tion 
was located over the old r iv e r  channel. Measurements o f temperature,
8
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Figure 3. Location o f sampling stations on DeGray Reservoir
FIGURE
10
dissolved oxygen and tu rb id ity  were made at Stations 1, 7, 10, 12, and 13 
while water sampling was confined to Stations 1, 10, and 12. During the 
e a r lie r  phase o f the investiga tion  o f DeGray Reservoir, these stations 
were found to be fa ir ly  representative o f each o f the three main sections 
o f the reservo ir (upstream, midstream, and downstream sections).
Samples were taken using a Van Dorn type o f sampler. The pH o f the 
samples was measured immediately a fte r  co lle c tion  o f the sample using an 
appropriate co lor in d ica to r. A 100 ml a liquo t o f sample was f i l te re d  through 
a 0.45 micron M illip o re @ f i l t e r  and the f i l t r a t e  was a c id ifie d  w ith 8 drops 
o f concentrated hydrochloric acid. The f i l t e r  was also retained fo r analysis.
A one l i t e r  raw sample was also secured and maintained on ice . Both the 
a c id ifie d  f i l t r a t e  and the raw samples were stored in polyenthylene bo ttle s .
Analytica l Methods:
Temperature and dissolved oxygen were measured in  s itu  using a Yellow 
Springs Dissolved Oxygen Analyzer. The instrument was ca lib rated each day 
fo r dissolved oxygen using the Winkler Method (4). Accuracy o f the temperature 
c ir c u it  was checked pe rio d ica lly  using a standard themometer. Turb id ity  
(ac tua lly  percent transmittance) was also measured in  s itu  using a G. M. 
Turb id ity  Meter with a 22 cm l ig h t  path. The instrument was standardized 
by se tting  the 100% T in  a ir .
Samples transported to the laboratory were analyzed using the fo llow ing 
technique:
- A lk a lin ity  was determined by t i t r a t io n  w ith 0.02 N s u lfu r ic  acid as
described in  Standard Methods.(4)
Chloride and flu o rid e  were determined using Orion sp e c ific  ion 
electrodes with an Orion model 407 specif ion meter. Standards 
were prepared p r io r to each set o f determinations.
Sulfate was determined spectrophotometrically using the barium 
ch io ran ila te  method adapted from Berto lacin i and Barney. (5)
N itra te  was determined polarographically as described by Frazier. (6) 
Ammonia was determined using an orion sp e c ific  ion electrode.
The standard addition technique was used.
Ortho phosphate phosphorus was determined by a chloroform-butanol 
extraction o f a sample a fte r treatment w ith ammonium molybdate 
w ith subsequent spectrophotometric measurement o f the phosphomolybdate 
complex at 310 mu as summarized by Nix. (7)
The concentration o f sodium, potassium, magnesium were measured by 
d ire c t asp ira tion  o f the raw water sample in to  the flame o f an atomic 
absorption spectrometer. The instrument settings were those recommended 
by the manufacturer. (8)
Calcium was determined in the raw water sample using atomic absorption 
spectroscopy a fte r  pre-treatment o f the sample w ith lanthanum n itra te  
and hydrochloric acid as described by Lee and Bentley. (9)
The concentration o f heavy metals was determined in both the a c id ifie d  
f i l t r a t e  and the material retained by the f i l t e r  as described by Nix 
and Goodwin. (10) The method consisted o f chelation o f the heavy metals 
w ith diethyldithiocarbamate a fte r  adjustment o f the pH, then extraction 
o f the metals in to  methyl isobutyl ketone. Specific conditions are 
described by Nix and Goodwin which permit the simultaneous extraction o f
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these trace metals. An " f "  is  used to denote the concentration o f the metal 
in  the f i l te re d  sample and a "p" denotes the pa rticu la te  fra c tio n  (tha t 
retained by the f i l t e r ) .
RESULTS AND DISCUSSION
The results o f f ie ld  determinations as well as analysis o f samples trans­
ported to the laboratory are given in  Appendix 67 through 100. Sampling 
dates are expressed as Ju lian Dates. A Ju lian Date Calendar is  included as 
Appendix 1. The dissolved oxygen data have been summarized in  ind iv idua l 
reservo ir p ro file s  fo r  most o f the days when the reservo ir was sampled.
These summaries are given a t Appendices 13 through 66. Turb id ity  data 
(percent transmittance) data fo r  1971 are summarized graph ica lly  in  Appendices 
2 through 12.
DeGray Reservoir thermally s t ra t i f ie s  in  la te  March or early A p ril.
Figure 4 summarizes the thermal s truc tu re  o f the rese rvo ir (a t S tation 1) 
from 1972 through 1974. The depth o f the mixed layer varies from year to 
year but is usually around 5 m. The downstream section o f the reservo ir is  
considerably c leare r than the upstream section, allowing the sun's rays to 
penetrate to a greater depth. As w in te r approaches, two processes can be 
id e n tif ie d  which are re lated to overturn. As the temperature differences 
between the ep ilim ne tic  and hypolimnetic zone decreases, thermocline erosion 
increases the thickness o f the mixed zone. The more c lassica l type o f mixing 
occurs when there is l i t t l e  or no temperature differences in the ep ilim ne tic  
and hypolimnetic water. Mixing in  the upstream section o f the reservo ir can 
be accelerated by the in te rven tion  o f a major storm event. As shown in  Figure 
4, the pattern o f mixing and spring s t ra t i f ic a t io n  varies from year to year.
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Figure 4. Temperature pattern observed at Station 1, DeGray Reservoir from




These va ria tio n s  are probably re la ted  to c lim ate fac to rs  such as seasonal 
temperature and r a in fa l l  pa tte rns.
The temperature o f water released from DeGray during th is  period was 
s l ig h t ly  lower than the surface temperature, in d ic a tin g  inco rpo ra tion  o f some 
o f the m etalim netic water in  the withdrawal zone. Temperatures o f the t a i l -  
waters were meaningful only when the measurement was made during a power 
re lease. During periods when water was not being re leased, the temperatures 
o f the ta ilw a te r  re f le c ts  the temperature o f the surface water o f the 
regu la ting  pool. Following periods o f generation, the surface water o f  the 
regu la ting  pool was observed to move upstream u n t i l  the regu la ting  pool 
e s s e n tia lly  was therm ally  f l a t  (F ig . 5 ). Figure 6 shows the temperatures 
in  the ta ilw a te r  o f  the re se rvo ir during power releases along w ith  temperatures 
o f the Caddo R iver measured a t the dam s ite  p r io r  to the f i l l i n g  o f DeGray.
The d iffe rences are w e ll w ith in  the year to  year f lu c tu a tio n s  caused by 
c lim ate d iffe re n ce s .
The observations o f dissolved oxygen a t S tations 1, 10, and 12, are given 
in  Figures 7, 8, and 9. There are several trends th a t are apparent. Accelerated t 
oxygen dep le tion  during the ea rly  years o f impoundment are obvious. Figure 10 
shows a dissolved oxygen p r o f i le  o f the re se rvo ir during th is  ea rly  period. 
Accelerated dissolved oxygen dep le tion  in  a new impoundment is  usua lly  explained 
by the presence o f organic m atter from the newly flooded basin. The Arkansas 
Game and Fish Commission attempted f is h  stocking during th is  period but found 
th a t the f is h  could not surv ive  in  the upper h a lf  o f the pool.
The general trend was fo r  d issolved oxygen to remain under the thermocline 
longer each year u n t i l  1974 when i t  appeared to be e s s e n ta illy  s ta b le liz e d .
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F ig u re  5. Temperature p r o f i l e  o f  R e g u la t in g  Pool lo c a te d  im m e d ia te ly  downstream 
from  DeGray R e s e rv o ir  on June 1 , 1977. The upper f i g u r e  summarizes 
data  o b ta in e d  p r i o r  to  the  re le a s e  o f  w a te r  on June 1 w h i le  the  lo w e r  




F igu re  6. Tem perature o f  the  Caddo R iv e r  a t  th re e  s t a t i o n s  lo c a te d  near the  
DeGray Dam s i t e  p r i o r  to  the  b u i l d in g  o f  DeGray ( s o l i d  d o ts )  and 
tem pera tu res  o f  the  Caddo R iv e r  below DeGray f o r  the  p e r io d  o f  





















Figure 10. D issolved oxygen p r o f i le  o f  DeGray on September 26, 1969 





D i f fe r e n c e s  i n  ra te s  o f  d e o xyg e n a t io n  a f t e r  t h a t  t im e ,  a re  p ro b a b ly  due to  
c l im a t o lo g i c a l  f a c t o r s .
The amount o f  d is s o lv e d  oxygen p e r  square  m e te r  a t  S t a t io n  1 was c a lc u ­
la te d  f o r  each s e t  o f  d a ta  ta k e n .  The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a re  g iv e n  
in  F ig u re  11. Data taken  d u r in g  th e  p e r io d  b e fo re  DeGray reached power pool 
e le v a t io n  were o m i t te d  s in c e  these  da ta  w ou ld  r e f l e c t  an " in c o m p le te "  w a te r  
column and c o u ld  n o t  be compared to  d a ta  taken  a f t e r  th e  r e s e r v o i r  had reached 
power pool e le v a t io n .  As e x p e c te d ,  th e  c y c l i c  n a tu re  o f  th e  d is s o lv e d  oxygen 
in  th e  w a te r  column was o b s e rve d . The t re n d  tow ard  h ig h e r  d is s o lv e d  oxygen 
as th e  r e s e r v o i r  ages i s  shown by the  f a c t  t h a t  th e  minimum in  t h i s  p l o t  
seems to  be in c r e a s in g  each y e a r .
A com parison  o f  th e  d a ta  in  F ig u re s  7 ,  8 ,  and 9 show t h a t  d is s o lv e d  
oxygen d e p le t io n  under th e  th e rm o c l in e  beg ins  in  the  upper p o r t i o n  o f  the  
r e s e r v o i r  and g r a d u a l l y  p ro g re sse s  tow ard  th e  dam. E x c lu s iv e  o f  th e  m e t a l i -  
m n e t ic  d is s o lv e d  oxygen minimum w h ich  was obse rved  a t  a lm o s t  a l l  s t a t i o n s ,  
h y p o l im n e t ic  d is s o lv e d  oxygen d e p le t io n  c l e a r l y  deve lopes  a t  a f a s t e r  r a te  
a t  the  ups tream  s t a t i o n s .
A l th o u g h  a g r a d ie n t  i n  d is s o lv e d  oxygen c o n c e n t r a t io n  was o b s e rv e d ,  
t h e r e  is  l i t t l e  d ou b t t h a t  d i r e c t  consum p tion  o f  o r g a n ic  m a t te r  i n  th e  w a te r  
column a ls o  o c c u rs .  O th e r  s tu d ie s  have shown t h a t  s i g n i f i c a n t  se d im e n t  de­
p o s i t i o n  i s  r e s t r i c t e d  to  th e  ups tream  p o r t i o n  o f  DeGray R e s e rv o i r  ( 1 1 ) .
O nly  a s m a ll p o r t i o n  o f  th e  suspended s e d im e n t  in t r o d u c e d  by s to rm  even ts  
has been obse rve d  downstream fro m  S t a t io n  10. The r a te  o f  d i s s o lv e d  oxygen 
d e p le t io n  i s  much f a s t e r  i n  areas where se d im e n t has a c cu m u la te d .  In  th e  
downstream s e c t io n  o f  th e  r e s e r v o i r ,  th e  g r a d ie n t  o f  d is s o lv e d  oxygen nea r
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F ig u re  11. T o ta l  d is s o lv e d  oxygen pe r  square  m ete r a t  S ta t io n  1 from  May




the  mud-water in t e r f a c e  is  n o t  near as s teep  as i t  i s  i n  the  upstream s e c t io n .
In  the  downstream s e c t io n  o f  the  r e s e r v o i r ,  h y p o l im n e t ic  d is s o lv e d  oxygen 
d e p le t io n  is  p ro b a b ly  dominated by the  consumption o f  o rg a n ic  m a t te r  d is s o lv e d  
a n d /o r  suspended in  the  w a te r  co lumn, w h i le  consumptive processes a t  the  mud- 
w a te r  in t e r f a c e  p ro b a b ly  dominate in  the  upstream s e c t io n  o f  the  r e s e r v o i r .
N ega t ive  he te rog rade  d is s o lv e d  oxygen d i s t r i b u t i o n  (D.O. minima in  thermo- 
c l i n e  re g io n )  has been observed d u r in g  the  p e r io d  o f  therm al s t r a t i f i c a t i o n  s in ce  
impoundment began. Th is  type  o f  d is s o lv e d  oxygen d i s t r i b u t i o n  has been observed 
in  v a r io u s  lakes and r e s e r v o i r s  and is  common in  the  deep re s e r v o i r s  i n  A rkansas. 
As shown in  F ig .  12 the  e x te n t  o f  the  development o f  t h i s  d is s o lv e d  oxygen minima 
in  the  m e ta l im n e t ic  zone v a r ie s  from  y e a r  to  y e a r .  In  some y e a r s ,  the  m e ta l i -  
m ne t ic  zone may become e s s e n t i a l l y  anox ic  w h i le  i n  o th e r  y e a r s ,  o n ly  p a r t i a l  
oxygen d e p le t io n  may o c c u r .
N ega t ive  h e te rog rade  d is s o lv e d  oxygen d i s t r i b u t i o n  is  u s u a l ly  e x p la in e d  as 
the  r e s u l t  o f  the  accum u la t ion  o f  o rg a n ic  m a t te r  wh ich is  in t ro d u c e d  in t o  t h is  
zone by f a l l i n g  s e s to n .  Th is  mechanism f o r  the  p ro d u c t io n  o f  th e  m e ta l im n e t ic  
d is s o lv e d  oxygen minimum re q u i re s  t h a t  p a r t i c u l a t e  o rg a n ic  m a t te r  from the  o v e r -  
l y i n g  p ro d u c t iv e  w a te r  f a l l  i n t o  a zone where the  r a te  o f  descen t becomes very  
s low  due to  in c re a se d  d e n s i ty  and p o s s ib le  in c re a se d  v i s c o s i t y  o f  the  c o o le r  
w a te r .  Should t h i s  mechanism be the  o n ly  f a c t o r  caus ing  the  n e g a t iv e  he te rog rade  
d is s o lv e d  oxygen d i s t r i b u t i o n ,  one would expe c t  t h a t  g ra d ie n ts  would be very  
gradua l a t  the  top and a t  the  bottom o f  t h i s  zone. O bse rva tions  o f  d is s o lv e d  
oxygen show t h a t  on many o c c a s io n s ,  d is s o lv e d  oxygen drops from  near s a tu r a t io n  
va lues to  ano x ic  c o n d i t io n s  in  a few cm. T h is  sharp break in  d is s o lv e d  oxygen 
c o n c e n t ra t io n  is  d i f f i c u l t  to  e x p a l in  w i th  the f a l l i n g  ses ton  th e o ry  a lone .
24
F ig u re  12. D is s o lv e d  oxygen d i s t r i b u t i o n  a t  S ta t io n  1 d u r in g  comparable




Observations o f density currents o rig ina tin g  from storms(Fig. 13)have 
shown tha t in te rflow ing  storm water carries elevated levels o f nu trien ts , 
bacteria and organic matter in to  the metalimnetic zone (11). Subsequently, 
accelerated dissolved oxygen consumption occurs in  th is  zone. These observations 
suggest that there is an advective component to the development o f the m eta li­
mnetic dissolved oxygen minima. There is  also some evidence tha t oxygen depleted 
hypolimnetic water in the upstream section o f the reservo ir may become entrained 
in the lower part o f an in te rflow  thus introducing reduced species in to  th is  
zone. The d is tr ib u tio n  o f dissovled manganese on October 16, 1978 (unpublished 
data) is  shown in Fig. 14 and strongly suggests tha t a density current is  
"entra in ing" hypolimnetic water and transporting i t  in to  the mid-section o f 
the reservo ir. The addition o f reduced species would contribute to the develop­
ment o f the metalimnetic minimum in the metalimnetic zone o f the reservo ir.
The in te rflow  o f storm water in to  the metalimnetic zone occurs when the 
thermal structure o f the reservo ir is  such tha t the temperature o f the storm 
inflow  is cooler than the surface water but warmer than the hypolimnetic water 
(Fig. 13). I f  major spring storms occur p r io r  to the development o f thermal 
s t ra t if ic a t io n ,  the entering water proceeds through the reservo ir as "plug 
flow ." Should thermal s t ra t if ic a t io n  be well developed, the in te rflo w  in to  a 
re s tric ted  metalimnion or upper hypolimnion portion o f the metalimnion is more 
probable. Figure 15 shows the dissolved oxygen patterns which were observed 
at Station No. 1 during a year when the major spring rains occurred very early 
and p rio r to the onset o f s t ra t if ic a t io n  (early March) while Figure 16 summarizes 
the dissolved oxygen patterns during a year when the major spring rains occurred
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F ig u re  14. Manganese p r o f i l e  o f  DeGray R e s e rv o ir  observed on O ctober 16, 1978
FIGURE
14









a f te r  s t r a t i f i c a t io n  was w e ll e s tab lished  ( A p r i l ) .  I t  is  apparent th a t when 
the sp ring  ru n o ff enters the re s e rv o ir  and is  re s tr ic te d  to  the metalimnion 
re g io n , the oxygen consumption ra tes are much h ighe r in  th a t reg ion . When 
Spring ra ins  have not penetrated in to  the downstream sec tion  o f  the re s e rv o ir ,  
a much d i f fe r e n t  p a tte rn  is  observed (F ig . 15). In th is  la t t e r  case, acce lera ted 
d isso lved  oxygen d e p le tio n  is  spread throughout the hypo lim ne tic  water column.
I t  may be th a t comparable to ta l oxygen consumption occurs in  both cases but 
when the consumption is  confined to the m eta lim nion, u lt im a te  d isso lved  oxygen 
concentra tions are much low er. These data also suggest th a t i t  may be poss ib le  
to  observe d isso lved  oxygen p ro f i le s  fo r  two o r th ree  weeks in  the e a rly  spring  
and through l in e a r  e x tra p o la t io n , p ro je c t the d isso lved  oxygen pa tte rns which 
w i l l  be observed la te r  in  the summer.
D issolved oxygen in  the mixed zone ra re ly  f a l l s  below s a tu ra tio n  values.
The d isso lved  oxygen data obta ined a t S ta tio n  1 on January 12, 1970 shows values 
s ig n if ic a n t ly  below s a tu ra t io n . These depressed values occurred immediately 
fo llo w in g  m ix ing . A ppa ren tly , the oxygen demand o f the hypo lim ne tic  water 
im m ediately p r io r  to  m ixing was high enough to  cause considerab le  d issov led  
oxygen supression as th is  w ater mixed w ith  e p ilim n e tic  w ate r. On January 30, 
1970 (18 days la te r )  the d issov led  oxygen concen tra tion  had not com pletely 
recovered. This co n d itio n  was observed again on February 6 , 1972, (see Appendix 
68, J u lia n  Date 36 /72 ), and December 17, 1972, (see Appendix 68, J u lia n  Date, 
351/72). In subsequent y e a rs , th is  phenomenon was not observed.
The d isso lved  oxygen regiem o f DeGray R eservo ir can be summarized as 
fo l lo w s :
(1) H ypo lim netic  d isso lved  oxygen de p le tio n  begins in  the upstream
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section o f the reservoir and gradually progresses toward the dam 
throughout the s tra t if ie d  period. In most years, anoxic conditions 
develop from the upstream hypolimnion to hypolimnion near Station 
10. Some anoxic conditions may develop in  the downstream section 
o f the reservoir but they are re s tric te d  to the mud-water in terface 
and the metalimnion during some years.
(2) Accelerated depletion o f dissolved oxygen occurs in  the metalimnetic 
region. The extent o f dissolved oxygen depletion in th is  region 
varies from year to year and may be related to the in te rflow  o f 
storm water in to  th is  re s tric te d  zone o f the reservoir.
(3) Severe dissolved oxygen depletion occurred in the hypolimnion o f 
DeGray during the f i r s t  three years fo llow ing complete f i l l in g .
The degree to which dissolved oxygen depletion occurs in the 
hypolimnion has decreased in subsequent years. During the summer 
o f 1974 moderately high concentrations o f dissolved oxygen remained 
in the hypolimnion during the la te  period o f s t ra t i f ic a t io n ,  sug­
gesting tha t the reservoir has passed the point o f accelerated 
dissolved oxygen depletion which is  observed fo llow ing the flooding 
o f new land.
(4) Immediately follow ing mixing, dissolved oxygen concentrations below 
saturation were observed throughout the water column a t Station 1. 
Since th is  phenomena has not been observed in recent years, i t  
appears l ik e ly  that the oxygen demand o f hypolimnetic water has 
decreased to the point where near saturation values can be maintained 
follow ing mixing.
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The maximum, minimum and mean values o f the concentra tion o f  various 
parameters (exc lus ive  o f trace  m etals) is  summarized in  Table 2. The number 
o f in d iv id u a l determ inations made fo r  each parameter is  also given. A review 
o f the mean values c le a r ly  ind ica tes  th a t the water o f  DeGray is  near neutra l 
w ith  bicarbonate being the predominate anion and calcium being the predominate 
ca tio n . In genera l, the concentra tion o f a l l  ions would be considered low.
The cyc ling  o f n u tr ie n ts  such as n itrogen  and phosphorus by various aquatic 
b io ta  is  complex and d i f f i c u l t  to access in  a f ie ld  s itu a t io n . N u tr ie n t fluxes 
as w e ll as an accessment o f  standing crops o f algae and zooplankton are necessary 
to p roperly  categorize the tro p h ic  s ta te  o f a water body. Considerable con tro ­
versy e x is ts  on a n a ly tic a l techniques which p roperly  r e f le c t  the s ta te  o f  n u tr ie n ts  
which are "re a c tiv e " in  the b io lo g ic a l sense. For example, phosphate phosphorus, 
as determined in  th is  work, probably re f le c ts  something between so lub le  re a c tive  
phosphorus and acid hydrol iza b le  phosphorus. Consequently, absolute values o f 
th is  c o n s titu e n t are d i f f i c u l t  to compare to o the r works where so lub le  re a c tive  
phosphorus s p e c if ic a l ly  has been determined. However, the trends which were 
observed in  the concentra tion  o f phosphorus are probably v a lid .
Data fo r  phosphorus and n itrogen  forms in  th is  in v e s tig a tio n  are not 
adequate to demonstrate many o f  the com plexities o f the b io lo g ic a l processes 
occurring  w ith in  the re s e rv o ir . The concentra tion  o f many o f the cons tituen ts  
determined in  th is  study may be c o n tro lle d  in d ir e c t ly  by b io lo g ic a l a c t iv i t y  
w h ile  the concentration o f  others may be a ffec ted  d ire c t ly  by processes such 
as change in  pH, tem perature, redox p o te n t ia l,  p re c ip ita t io n  o f an inso lu b le  
compounds, d i lu t io n  by the stream feeding the re s e rv o ir , and geochemical a v a il­
a b i l i t y .  Through ana lys is  o f  data taken during th is  in v e s tig a tio n , an attempt
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TABLE 2
PARAMETER MAXIMUM MINIMUM MEAN NO. OF DATA
*
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Su lfa te  (ppm)
Ammonia Nitrogen (ppm)
N it ra te  Nitrogen (ppm)
























































mean value computed using pH values ra th e r than hydrogen ion concentra tion .
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is made to id e n tify  the conditions or combination o f conditions which cause 
major a lterations in the concentration o f these substances.
Recent studies on the Caddo River system (12) have shown the changes in 
chemical content o f the stream as i t  responds to storm events. By sequentially 
sampling the r iv e r during the rise  and fa l l  o f the r iv e r , the pattern o f con­
centration changes throughout the storm were determined. This detailed 
investigation o f storm loading in to DeGray Reservoir has shown that the 
chemical constituents in the r iv e r fa l l  in to two categories:
(1) Those components which are essentia lly conservative - The concentration 
o f these substances decrease as flow increases, re fle c ting  d ilu tio n  
from the storm water. I t  may be hypothesized that the to ta l quantity 
o f these constituents transported down a stream is constant (flow x 
concentration = constant). This is actually not the case because
mass transport is d e fin ite ly  increased during elevation flows but the 
inverse re lationship between flow and concentration is almost always 
observed.
(2) Components which increase in concentration at elevated flows - These 
substances are associated with water that enters the r ive r during 
and immediately follow ing the storm event. The concentration of 
th is  group o f substances is generally low during base flow situations 
and have a somewhat varying but c learly  d irec t relationship to the 
flow o f the r ive r. Following a storm event, the concentration of 
th is  group o f substances gradually trends toward pre-storm levels.
Water which enters the reservoir during low flow conditions is d is tin c tly  
d iffe re n t from water which is introduced during and immediately following a
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storm event. The extent to which e ith e r o f these types o f water penetrates 
in to  the reservoir depends on the thermal s tra t if ic a t io n  o f the reservo ir and 
the temperature o f the inflow ing water. Turb id ity  observations fo llow ing major 
storm events have shown tha t density currents near the top o f the thermocline 
transport storm water in to  the mid-section o f the reservoir (F ig. 13). Following 
extremely heavy ra ins, th is  laminar flow may extend in to  the downstream compart­
ment o f the reservoir.
There are also suggestions tha t a density current may also e x is t during 
periods o f low flow , trapping the low flow water in a re s tric ted  layer near the 
top o f the thermocline (Fig. 14). Entrainment o f hypolimnetic water in th is  
density current allows th is  movement to be traced in to  the reservo ir.
The parameters which generally decrease in storm flows are calcium, 
magnesium, a lk a lin ity  (bicarbonate), s i l ic a ,  su lfa te . The e ffe c t o f the in tro ­
duction o f storm water in to  the reservoir is  shown in  Appendix 70 (Julian Date 
101/75). I t  is  c lear tha t lower values of calcium Appendix 74 (Julian Date 
101/75) indicate the presence o f storm water in  the upstream section o f the 
impoundment. Appendix 74 (Julian Date 339/71) shows the d is tr ib u tio n  o f calcium 
during a period when low flow conditions have been dominant and higher values 
o f calcium are observed in  the upstream section ind ica ting  the accumulation o f 
low flow water.
Parameters which corre la te d ire c tly  w ith storm flow are to ta l phosphorus, 
tu rb id ity ,  and to ta l Kjeldahl Nitrogen (12). Although to ta l phosphorus was 
not determined in  th is  study, presence o f s lig h t ly  higher phosphorus concent­
rations in  the upstream section o f the reservo ir was observed fo llow ing some
major storm events. The m a jo rity  o f the suspended sediment q u ick ly  s e tt le s  
o u t, tra n sp o rtin g  much o f the phosphorus w ith  i t .  The p e rio d ic  in tro d u c tio n  
o f th is  n u tr ie n t in to  the upstream section  and sometimes the m id-section o f 
the re s e rv o ir probably accounts fo r  the observation th a t ch lo rophy ll leve ls  
are h igher in  the upstream section  o f the re s e rv o ir .
During low flow  co n d itio n s , phosphorus concentrations in  the upstream 
e p ilim n e tic  section  o f  the reservo irw ere  re la t iv e ly  low. These periods 
co rre la te  w e ll w ith  h igher calcium concentra tions.
The maximum, minimum, and mean values fo r  the concentration o f  trace 
metals are given in  Table 3. As expected, iro n  and manganese were observed 
in  h igher concentrations than any o f  the o the r trace metals.
Processes occurring  in  the hypolimnion also a f fe c t  the d is t r ib u t io n  o f 
numerous components. Anerobic processes are c le a r ly  responsib le fo r  the 
accumulation o f reduced species such as iro n  and manganese and are in d ire c t ly  
responsib le fo r  h igher concentrations o f phosphorus. The pH o f hypolim netic 
water is  genera lly  lower due to the presence o f  la rg e r concentrations o f free 
carbon d iox ide . S il ic a  remains re la t iv e ly  high in  the hypolimnion due to the 
absence o f diatom growth.
The accumulation o f reduced species ( iro n  and manganese) in  the hypolimnion 
co rre la tes  w e ll w ith  the dep le tion  o f d isso lved oxygen and the development o f 
anerobic co n d itio n s , (F igures 17, 18, 19, 20, 21, 22). Manganese is  more e a s ily  
reduced and begins to m igrate throughout the anoxic hypolimnion re la t iv e ly  ea rly  
in  the summer. S hortly  th e re a fte r , iro n  begins to m igrate from bottom muds and 
moderately high leve ls  are observed throughout the anoxic zone. The pa tte rn  o f 








































































































f  ind ica tes  f i l t e r e d  water sample
p ind ica tes  p a r t ic u la te  f ra c t io n
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development o f  an an o x ic  zone. Tha t i s ,  reduced spec ies  a re  f i r s t  observed 
in  the  upstream h yp o l im n io n  and g ra d u a l ly  p rogress  in  a downstream d i r e c t io n .
Changes in  w a te r  q u a l i t y  caused by s to rm  events and by the  development 
o f  an a n o x ic  hyp o lim n io n  are  e a s i l y  d i s t i n g u is h a b le  f o r  se ve ra l components.
In  o rd e r  to  i d e n t i f y  o th e r  r e la t io n s h ip s  t h a t  m igh t  be p re s e n t ,  the  e n t i r e  
data  s e t  was s u b je c te d  to  re g re s s io n  a n a ly s is .  The c o r r e la t i o n  c o e f f i c ie n t s  
f o r  the  v a r io u s  r e la t io n s h ip s  are  g iven  in  Tab le  4. When s i g n i f i c a n t  c o r r e la t io n  
c o e f f i c i e n t s  a re  obse rved , an a t te m p t  i s  made to  e x p la in  the  processes which 
may accoun t f o r  th e  observed v a r ia t i o n s .  C ons id e ra b le  c a u t io n  shou ld  be 
taken in  i n t e r p r e t i n g  these r e s u l t s  s in c e  a s i g n i f i c a n t  c o r r e la t i o n  c o e f f i c i e n t  
does n o t  n e c e s s a r i ly  in d ic a te  a cause and e f f e c t  r e la t i o n s h ip .  In  some cases, 
the  e x p la n a t io n  f o r  the  observed r e la t i o n s h ip  is  o b v io u s .  For example, a 
c o r r e la t i o n  c o e f f i c i e n t  o f  0 .80  was de te rm ined  f o r  r e la t io n s h ip  between i r o n  
and manganese. S ince the  m a jo r  f a c t o r  a f f e c t i n g  both  o f  these c o n s t i tu e n ts  is  
d is s o lv e d  oxygen d e p le t io n ,  a h igh  degree o f  c o r r e la t i o n  would be expected .
In  o th e r  cases, s i g n i f i c a n t  c o r r e la t i o n  c o e f f i c i e n t s  may o n ly  be s u g g e s t iv e  o f  
a r e la t i o n s h ip .
H y p o l im n e t ic  en r ich m e n t o f  phosphorus is  r e la te d  to  the  re le a s e  o f  phosphorus 
from bottom  muds. In  o x id iz e d  muds, the  phosphorus is  c lo s e ly  bound as i r o n  
( I I I )  phosphate b u t  i s  re lea sed  when the  i r o n  is  reduced from the  +3 to  the  +2 
s t a te .  A c o r r e la t i o n  c o e f f i c i e n t  o f  0 .49  was o b ta in e d  f o r  the  r e la t i o n s h ip  be­
tween i r o n  and phosphorus.
Ammonia n i t r o g e n  was a ls o  h ig h e r  in  the  ano x ic  h y p o l im n io n .  In  f a c t ,  the 
c o r r e la t i o n  between i r o n  and ammonia n i t r o g e n  was good, r= 0 .8 3 ,  s ugg es t ing  th a t
TABLE
4
T e m p e r a t u r e  
D i s s o l v e d  Ox y g e n  
p H
A l k a l i n i t y
Ch l o r i d e
F l u o r i d e
Su l f a t e
N i t r a t e -N
Ph o s p h a t e -P
S i l i c a
So d i u m
Po t a s s i u m
Ca l c i u m
Ma g n e s i u m
I r o n
Ma n g a n e s e
Co p p e r
Co b a l t
N i c k e l
Z i n c
Ca d m i u m
L e a d
S i l v e r
Am m o n i a -N
Te m p e r a t u r e




.0 8  
- . 2 5  
- . 2 6  
.00  
- . 5 9  
.06  
.0 0  
.16  
- . 0 2  
- . 1 0  
- . 1 6  
.00  
- . 0 7  
- . 0 7  
- . 0 3  
- . 0 7  
- . 0 5  
 .04  
- . 0 3
.2 8
- . 4 4
.03
.14
- . 0 6
- . 3 6
- . 2 2
- . 2 5
- . 0 8
- . 2 7
- . 2 2
- . 3 1
- . 4 5
- . 5 5
- . 2 0
- . 1 1
- . 0 4
- . 0 4
- . 0 2
- . 0 6
.01
- . 3 4
p H Correlation C o e ff ic ie n ts
.07
- . 0 7
- . 1 5
.04
- . 4 5
- . 0 1
- . 0 7
.13
- . 0 6
- . 1 1
- . 1 6
- . 0 9
- . 1 1
- . 0 6
. 00
- . 1 0
- . 0 3
.01
- . 0 2
A l k a l i n i t y
9 7











- . 0 2
- . 0 8
- . 0 5
- . 1 1
- . 0 3
. 08
.48
Ch l o r i d e
.03
.10
- . 0 3
- . 1 4











- . 1 5
- . 0 4
.01
.14
F l u o r i d e
. 03
- . 1 3
- . 0 1
- . 0 1
- . 1 7
- . 0 8
- . 0 4






- . 0 3
- . 0 5
. 05
- . 0 3
.00
Su l f a t e
.23
.25
- . 1 7
- . 0 2
.10























- . 0 1  
.09 
. 19  
.02  
.03  
- . 0 4
Ph o s p h a t e -P
 .22
.06  - 
. 10 
.17  




.0 7  
.05  
.05  

























- . 0 5
- . 1 1
- . 1 3
- . 0 6
- . 1 1
- . 0 1
.08
- . 1 1






- . 0 6
- . 1 0
.05
- . 1 1
- . 0 1
.09
.05




- . 1 1
- . 1 2
- . 1 3
- . 2 7




Ma g n e s i u m
.35
.39
- . 0 9
- . 1 2
- . 1 7
- . 1 6











- . 0 3
.04
. 83






- . 0 1
.03
.57























- . 0 6
.07
Ca d m i u m
 L e a d
.00
.0 8
- . 0 1
.07




s im ila r factors influenced th e ir  concentration. Other than accumulation in 
the anoxic hypolimnion, the concentration o f ammonia nitrogen was found to 
be very low.
Trace metals, others than iron and manganese, may also be affected d ire c tly  
or in d ire c tly  by the chemical condition present in  the hypolimnion. Since the 
accumulation o f iron and manganses in  such conditions is re la tiv e ly  well under­
stood, metals which show a s ig n ific a n t corre la tion  with these species may be 
affected by the conditions which a ffe c t iron and manganese. Constituents which 
corre la te with calcium may have a s im ila r source and hense be controlled by the 
d ire c t influence o f the r iv e r.
The corre la tion  between calcium and a lk a lin ity  (bicarbonate) is highly 
s ig n ific a n t (r=0.70). This type o f co rre la tion  would be expected since the 
source o f calcium and the dissolved carbonate specie are probably the same.
I t  is  l ik e ly  tha t both o f these constituents o rig ina te  from limestone or 
limestone bearing shale which is  known in the watershed. The positive  corre­
la tio n  o f calcium with both sodium and potassium suggests a s im ila r o rig in  
and tha t s im ila r circumstances may a ffe c t th e ir  concentration. In th is  case, 
the la rgest variations are probably caused by d ilu tio n  fo llow ing storm events. 
The s im ila r ity  in the chemistry o f calcium and magnesium explains the very 
s ig n ific a n t corre la tion  between these constituents (r=0.71). Sodium, potassium, 
calcium, and magnesium do not show s ig n ific a n t corre la tions with e ith e r iron 
or manganese suggesting that they are not d ire c tly  or in d ire c tly  affected by 
hypolimnetic conditions.
Negative corre la tions were observed between s i l ic a  and temperature. Since 
s il ic a te  species would be expected to be more soluble in  warmer water, the
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reverse re la tionsh ip  might be expected. However, the observed pattern o f 
s il ic a  in the reservoir indicates that depletion o f s i l ic a  in the wanner 
ep ilim netic  water is occurring during the s t ra t if ie d  period. Thus i t  is 
probable tha t b io log ica l a c t iv ity  (diatom production) is p rim arily  responsible 
fo r changes in  the s i l ic a  concentration. The negative corre la tion  between 
s il ic a  and pH fu rth e r shows that in the more productive zone (higher pH) the 
s i l ic a  concentration would tend to be lower.
The expected negative corre la tion  between manganese and dissolved oxygen 
was observed. Using manganese as an ind ica to r o f anoxic conditions, the fo llow ing 
constituents seem to be related e ithe r d ire c tly  or in d ire c tly  to the development 
o f anoxic conditions: a lk a lin ity ,  n itra te , phosphorus, iron and ammonia nitrogen. 
The corre la tion with a lk a lin ity  is expected since free carbon dioxide is generally 
higher in the anoxic hypolimnion. The postive corre la tion  o f phosphorus and 
manganese simply re fle c ts  the fa c t that the same conditions which cause manganese 
to be reduced also cause phosphorus to be released from sediments. The positive 
corre la tion o f manganese with n itra te  cannot be explained by the conditions tha t 
would normally be expected to occur in the hypolimnion. In fa c t, a negative 
re la tionsh ip  would be expected since ammonia nitrogen would be expected to be 
the predominate species in  anoxic hypolimnion.
With the exception o f the corre la tion observed between cobalt and n icke l, 
the re lationships between other trace metals do not appear to be s ig n ific a n t.
The s im ila r ity  o f the geochemistry o f cobalt and nickel would suggest tha t the 
processes a ffec ting  th e ir  concentration would be s im ila r. The lack o f good 
corre lations between other trace metals may re f le c t the large s ta t is t ic a l error 
involved in th e ir  respective determination.
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Day Jan Feb Mar Apr May June J u ly Auq Sept Oct Nov Dec Day
1 001 032 060 091 121 152 182 213 244 274 305 335 1
 2 002 033 061 092 122 153 183 214 245 275 306 336 2
3 003 034 062 093 123 154 184 215 246 276 307 337 3
4 004 035 063 094 124 155 185 216 247 277 308 338 4
 5 005 036 064 095 125 156 186 217 248 278 309 339 5
 6 006 037 065 096 126 157 187 218 249 279 310 340 6
 7 007 038 066 097 127 158 188 219 250 280 311 341 7
8 008 039 067 098 128 159 189 220 251 281 312 342 8
9 009 040 068 099 129 160 190 221 252 282 313 343 9
10 010 041 069 100 130 161 191 222 253 283 314 344 10
11 011 042 070 101 1.31 162 192 223 254 284 315 345 11
  12 012 043 071 102 132 163 193 224 255 285 316 346 12
13 013 044 072 103 133 164 194 225 256 286 317 347 13
   14 014 045 073 104 134 165 195 226 257 287 318 348 14
   15 015 046 074 105 135 166 196 227 258 288 319 349 15
 16 016 047 075 106 136 167 197 228 259 289 320 350 16
  17 017 048 076 107 137 168 198 229 260 290 321 351 17
 18 018 049 077 108 138 169 199 230 261 291 322 352 18
 19 019 050 078 109 139 170 200 231 262 292 323 353 19
20 020 051 079 n o 140 171 201 232 263 293 324 354 20
  21 021 052 080 111 141 172 202 233 264 294 325 355 21
  22 022 053 081 112 142 173 203 234 265 295 326 356 22
23 023 054 082 113 143 174 204 235 266 296 327 357 23
  24 024 055 083 114 144 175 205 236 267 297 328 358 24
  25 025 056 084 115 145 176 206 237 268 298 329 359 25
26 026 057 085 116 146 177 207 238 269 299 330 360 26
 
 27
027 058 086 117 147 178 208 239 270 300 331 361 27
128 028 059 087 118 148 179 209 240 271 301 332 362 28
 29 029 088 119 149 180 210 241 272 302 333 363 29
30 030 089 120 150 181 211 242 273 303 334 364 30
  31 031 090 1 5 1 212 243 304 365 31
APPENDI 
1 B
JULIAN DATE CALENDAR 
LEAP YEAR
Day Jan Feb Mar Apr May June J u ly Aug Sept Oct Nov Dec Day
1 001 032 061 092 122 153 183 214 245 275 306 336 1
2 002 033 062 093 123 154 184 215 246 276 307 337 2
3 003 034 063 094 124 155 185 216 247 277 308 338 3 
4 004 035 064 095 125 156 186 217 248 278 309 339 4 j
5 005 036 065 096 126 157 187 218 249 279 310 340 5 
6 006 037 066 097 127 158 188 219 250 280 311 341 6 
7 007 038 067 098 128 159 189 220 251 281 312 342 7 
8 008 039 068 099 129 160 190 221 252 282 313 343 8 
9 009 040 069 100 130 161 191 222 253 283 314 344 9 
ΊΟ 010 041 070 101 131 162 192 223 254 284 315 345 10 
11 011 042 071 102 132 163 193 224 255 285 316 346 11 
12 012 043 072 103 133 164 194 225 256 286 317 347 12 
13 013 044 073 104 134 165 195 226 257 287 318 348 13
14 014 045 074 105 135 166 196 227 258 288 319 349 14
15 015 046 075 106 136 167 197 228 259 289 320 350 15
16 016 047 076 107 137 168 198 229 260 290 321 351 16
17 017 048 077 108 138 169 199 230 261 291 322 352 17 
18 018 049 078 109 139 170 200 231 262 292 323 353 18
19 019 050 079 110 140 171 201 232 263 293 324 354 19 
20 020 051 080 111 141 172 202 233 264 294 325 355 20 
21 021 052 081 112 142 173 203 234 265 295 326 356 21 
22 022 053 082 113 143 174 204 235 266 296 327 357 22 
23 023 054 083 114 144 175 205 236 267 297 328 358 23 
24 024 055 084 115 145 176 206 237 268 298 329 359 24
25 025 056 085 116 146 177 207 238 269 299 330 360 25
26 026 057 086 117 147 178 208 239 270 300 331 361 26
27 027 058 087 118 148 179 209 240 271 301 332 362 27 
28 028 059 088 119 149 180 210 241 272 302 333 363
29 029 060 089 120 150 181 211 242 273 303 334 364 29 
30 030 090 121 151 182 212 243 274 304 335 365 30 
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